Abstract. We quantify the tropospheric ozone budget over remote high northern latitudes in summer using chemical and meteorological measurements between 0 and 6-kin made during the summer of 1990 Arctic Boundary Layer Expedition (ABLE 3B). We include all components of the ozone budget, both sinks (in situ photochemical loss and deposition); and sources (in situ photochemical production, advection of pollution ozone into the region, production in biomass wildfire plumes, and downwards transport fi'om the upper troposphere/stratosphere). In situ production and loss of ozone are calculated with a photochemical model. The net influx of pollution ozone from North America and Eurasia is estimated from the average enhancement ratio of AO3/AC2C14 observed in pollution plumes and scaled by the net influx of C2C14. The contribution of ozone produced in biomass wildfire plumes is estimated from the average enhancement ratio of AO3/ACO in aged fire plumes. Regional photochemical production and loss in the 0-6 km column are found to be approximately equal; hence, net photochemical production is near zero. However, when ozone production and loss terms are separated, we find that dispersed in situ photochemical production driven by background NO levels (5-10 pptv) is the largest source term in the ozone budget (62%). Influx of stratospheric ozone is of secondary importance (27%), long-range transport of pollution ozone makes a small contribution (9%), and photochemical production of ozone within biomass wildfire plumes is a relatively negligible term (2%) in the budget. Biomass fires and transport of anthropogenic pollution into the region may however have a major effect on the ozone budget through enhancement of background NO, mixing ratios which increase dispersed photochemical production. Using a 1-D time-dependent photochemical model between 0 and 6 km, we obtain good agreement between the observed and model-generated vertical ozone profiles. We find that in situ photochemistry within the 0-6 km column accounts for nearly 90% of the ozone mixing ratio within the boundary layer, while above 5 km it accounts for only about 40%. Although photochemical production of ozone within the 0-6 km column is larger than the other source terms combined, the 1-D model results indicate that influx from above is necessary to account for the observed increase in ozone mixing ratios with altitude.
We present here an analysis of the summertime sources and sinks of tropospheric ozone in remote high northern latitudes. Our analysis uses chemical and meteorological data collected during the summer of 1990 from aircraft flights over Subarctic eastern Canada as part of the Arctic Boundary Layer Expedition 3B (ABLE 3B). This region is of particular interest because transport from the stratosphere to the troposphere is particularly strong at high northern latitudes [Danielsen, 1968; Shapiro, 1980; Shapiro et al., 1987] , and because the region is downwind of polluted continents and therefbre receives an influx of anthropogenic 03 and NO., [Jacob et al., 1993; Bakwin et al., 1994] . Extensive biomass wildfires, which supply an additional source of NOv Sandholm et al., 1994; Talbot et al., 1994] , also take place in the region during the summer [Stocks, 1991] . Hence conditions may exist for both highly efficient photochemical production of ozone and a strong stratospheric influx.
Previous analyses of the ABLE 3B data concluded that ozone distributions over Subarctic eastern Canada are impacted by long-range transport of urban pollution, forest fire emissions, sporadic encounters with tropical air and influx from the stratosphere Browell et al., 1994; Talbot et al., 1994] . These influences have clear signatures and are hence directly detectable in the data. Dispersed in situ photochemical production of ozone within the high northern latitude troposphere driven by background NOr levels may also be important but is harder to detect.
Our inclusion of a modeling component permits a quantification of this source. As shown below, we find that dispersed in situ photochemical production provides the dominant source of tropospheric ozone in the ABLE 3B region and, we argue, more generally at high northern latitudes in summer. We find influx of stratospheric ozone to be of secondary importance, long-range transport of pollution ozone to make a small contribution, and photochemical production of ozone within biomass wildfire plumes to be a relatively negligible term in the budget. This paper is divided into five sections. Section 2 provides an overview of the observations used in the analysis.
Section 3 describes the approach used to evaluate the budget of tropospheric ozone north of 45øN on the basis of the ABLE 3B measurements. Section 3 independently quantifies the different ozone sources (in situ photochemical production, influx of midlatitude pollution, local production within biomass wildfire plumes, and influx from the upper troposphere/stratosphere) and ozone sinks (in situ photochemical loss and deposition). Section 4 is a discussion of results including the derived ozone budget and an illustrative one-dimensional (l-D) model assessment, and section 5 is a summary of the analysis.
Observations
The ABLE 3B made chemical and meteorological measurements during aircraft flights over eastern Canada (45 ø-63øN latitude, 50 ø -106 ø W longitude, and 0-6 km altitude) during July and August 1990 [Harriss et al., 1994a] . 
Regional Ozone Budget
We focus our analysis on a "remote high northern latitudes" region defined as the circumpolar cap north of 45øN, excluding industrial areas of northern Europe, and extending fi'om the surface to 6-km altitude (ceiling of the ABLE 3B aircraft). The size of this domain was chosen to accommodate the relatively long lifetime of ozone (averaging 26 days, as discussed in section 4). The regional ozone budget we calculate separates ozone sources (in situ photochemical production, advection of pollution ozone from midlatitude continents, local production within biomass wildfire plumes, and influx from the upper troposphere/stratosphere) fi'om ozone sinks (in situ photochemical loss and deposition). Results from the 0-D model for individual points in the fi'ee troposphere yield a collection of ozone production and loss rates. The resulting mean diurnal cycles of ozone production and loss are shown in Figure 5 . To obtain regional 24-hour average ozone production and loss rates, we first binned the data into 1-km altitude bins. Within each altitude bin we divided the data into 2-hour intervals and took the mean of each time interval. The means of each 2-hour interval, with morning/evening folding used to compensate for lack of early morning measurements and with 8 hours of darkness assumed, were averaged to obtain the regional 24-hour mean vertical profiles of ozone production and loss between 2.25-6 km shown in Figure 6 . Integrating over the depth of the 2.25-6 km free troposphere column, we obtain regional ozone column production and loss rates of 11 x 1010 molecules cm -2 s -• and 14 x 1010 molecules cm -2 s -1, respectively.
The ozone production rate is particularly sensitive to the NO mixing ratio, while the ozone loss rate is relatively insensitive to it [Fishman et ai., 1979] . Any systematic offset in the NO measurement is believed to be less than 3 pptv . We conducted an uncertainty anal-ysis on the ozone production rate by repeating the ensemble of point model calculations using measured concentrations of NO + 3pptv. The resulting range in ozone production for the 2.25-6 km column is 8 -14 x 10 •ø molecules cm -2 s -1.
The 0-D modeling approach that we used tbr the free troposphere is inadequate in the boundary layer because of the importance of isoprene and its decomposition products in modifying ozone production and loss. Because the lifetime of isoprene is only a few hours while some of its oxidation intermediates have longer lifetimes, local steady state between isoprene concentrations sampled from the aircraft and isoprene oxidation products cannot be assumed. A more realistic approach, which we adopt here, uses a diel 1-D model tbr the boundary layer with isoprene emission as a boundary condition. The presence of isoprene and its oxidation products result in an increase in peroxy radical concentrations and hence in ozone production.
A At upper latitudes the exchange should be larger than average, while in summer it should be smaller than average [Holton, 1990] . A recent estimate of the influx of stratospheric ozone to the troposphere north of 60øN in summer, based on a meteorological analysis of ABLE 3A expedition data, obtains a value of 12 x 10 •ø molecules cm -2 s -• [Smarsh, 1994] . Thus from the literature we estimate ozone influx fi'om the stratosphere north of 45øN during ABLE 3B to be in the range 2-12 x 101ø molecules cm -2 s -•. In comparison, a derivation of the ozone flux at 6 km as the residual of our best estimates for the other terms in the ozone budget yields a value of 8.9 x 101ø molecules cm -2 s -1. Closure of our ozone budget is reasonably well achieved. Table 4 summarizes our regional ozone budget for the 0-6 km column at remote high northern latitudes in summer.
Discussion
The mean 0-6 km column concentration of O 3 is 7.3 x 10 •7 molecules cm -2. Photochemical loss and deposition add up to an estimated total sink of 32.4 x 101ø molecules cm-2s -1. The resulting ozone lifetime in the 0-6 km column is 26 days. We see fi'om Table 4 that dispersed in situ photochemical production is the largest source of ozone in the region (62%). Influx ti'om the stratosphere / upper troposphere is of secondary importance (27%), transport of pollution ozone fi'om midlatitudes makes a small contribution (9%), and production of ozone within forest fire plumes is a relatively [1992a] calculated net ozone production (P-L)o3 using the ABLE 3A data set and found that although regional NO, concentrations suppressed net photochemical loss and doubled ozone lifetimes compared with a NO,. fi'ee atmosphere, (P-L)o 3 was negative and ozone concentrations in the region were regulated primarily by input from the stratosphere and losses fi'om net photochemistry and deposition. As can be seen from Table 4 , in situ photochemical production and loss nem'ly cancel. However, since photochemical loss operates equally on all ozone regardless of its origin, we conclude that in situ photochemical production is in fact the largest source of ozone in the region, and hence that ozone levels are critically dependent on regional background NOx mixing ratios .
Ozone concentrations at high northern latitudes, both in ABLE 3B (Figure 3) and elsewhere [Logan, 1985] , show a trend of increasing mixing ratios with altitude which has often been interpreted as reflecting a stratospheric source but could also be explained by net production in the upper troposphere [Liu et al. 1980; . To contirm that our regional budget, as summarized in Table 4, is Table 3 ). Photolysis rate constants are calculated for clear-sky conditions as described previously. The model is integrated to a diel steady state defined by the reproducibility of ozone concentrations over the 24-hour solar cycle. To examine the influence of isoprene emissions, we conducted two simulations, one without isoprene flux, the other with a diurnally varying isoprene flux characteristic of the Schefferville forest site (24-hour average emission of 6.1 x 10 •ø molecules cm -2 s-l). The difference in ozone concentrations between these two simulations was 3 ppbv at 0.5 km and less above. Since only 25% of the region north of 45øN is lorested [Mathews, 1985] and emits isoprene at a rate similar to Schefferville forest, we plot the isoprene free simulation in Figure 9 . 
Summary
From data analysis and modeling using the measurements made during the ABLE 3B expedition, we find that dispersed in situ photochemical production is the largest source of ozone in the 0-6 km column at remote high northern latitudes in summer (62%). We find influx of stratospheric ozone to be of secondary importance (27%), longrange transport of pollution ozone to make a small contribution (9%), and photochemical production of ozone within biomass burning plumes to be a relatively negligible term in the budget (2%). Illustrative 1-D model simulations indicate that within the boundary layer in situ photochemistry can account for nearly 90% of the ozone mixing ratio, while above 5 km it accounts for only about 40%. However, although photochemical production of ozone within the 0-6 km column is larger than the other source terms combined, downward transport of ozone produced in the upper troposphere or stratosphere is necessary to explain the trend of increasing ozone mixing ratio with altitude.
The high northern latitudes are both a region of particularly strong transport from the stratosphere to troposphere [Da•ielse•, 1968; Shapiro et al., 1987] and an area where NO x concentrations are typical of the remote, and much lower than the urban, northern hemisphere troposphere [Carroll and Thompson, 1995] . Considering that in situ photochemical production is the dominant source of tropospheric ozone even in this region, we can extrapolate with some confidence to conclude that the ozone budget on the scale of the northern hemisphere troposphere is dominated by tropospheric photochemical production and loss. A better understanding of the NO x budget is necessary to determine the lYaction of photochemical ozone production that is due to anthropogenic rather than to natural NO•. emissions.
